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A cytosolic sperm protein(s), referred to as sperm factor (SF), is delivered into eggs by the sperm during mammalian fertilization to
induce repetitive increases in the intracellular concentration of free Ca2+ ([Ca2+]i) that are referred to as [Ca
2+]i oscillations. [Ca
2+]i
oscillations are essential for egg activation and early embryonic development. Recent evidence shows that the novel sperm-specific
phospholipase C (PLC), PLC~ , may be the long sought after [Ca2+]i oscillation-inducing SF. Here, we demonstrate the complete extraction of
SF from porcine sperm and show that regardless of the method of extraction a single molecule/complex appears to be responsible for the
[Ca2+]i oscillation-inducing activity of these extracts. Consistent with this notion, all sperm fractions that induced [Ca
2+]i oscillations,
including FPLC-purified fractions, exhibited high in vitro PLC activity at basal Ca2+ levels (0.1–5 AM), a hallmark of PLC~ . Notably, we
detected immunoreactive 72-kDa PLC~ in an inactive fraction, and several fractions capable of inducing oscillations were devoid of 72-kDa
PLC~ . Nonetheless, in the latter fractions, proteolytic fragments, presumably corresponding to cleaved forms of PLC~ , were detected by
immunoblotting. Therefore, our findings corroborate the hypothesis that a sperm-specific PLC is the main component of the [Ca2+]i
oscillation-inducing activity of sperm but provide evidence that the presence of 72-kDa PLC~ does not precisely correspond with the Ca2+
releasing activity of porcine sperm fractions.
D 2005 Elsevier Inc. All rights reserved.Keywords: Egg activation; Fertilization; OocyteIntroduction
In response to fertilization, mammalian eggs exhibit
repetitive increases in the intracellular concentration of free
Ca2+ ([Ca2+]i) that last for several hours after sperm entry;
this [Ca2+]i signal is commonly referred to as [Ca
2+]i
oscillations (Miyazaki et al., 1993; Stricker, 1999; Runft
et al., 2002). The sperm-initiated [Ca2+]i oscillations are
required to induce all events of egg activation, a process0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.06.029
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Boston, MA 02115, USA.which includes cortical granule exocytosis, resumption and
completion of meiosis, DNA replication, and that culmi-
nates in the first mitotic cleavage (for review, see Schultz
and Kopf, 1995). Evidence suggests that the fertilizing
sperm, upon gamete fusion, delivers into the ooplasm a
soluble substance that is responsible for initiating the [Ca2+]i
oscillations. In support of this concept, direct sperm
injection into eggs, even though it circumvents the required
interaction and fusion of gametes, evokes [Ca2+]i responses
similar to those induced by fertilization (Kimura and
Yanagimachi, 1995; Nakano et al., 1997; Kurokawa and
Fissore, 2003). Moreover, injection of sperm extracts (SEs),
but not of extracts from other tissues, also triggers [Ca2+]i
oscillations and egg activation (Swann, 1990; Homa and85 (2005) 376 – 392
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Nonetheless, the molecular identity of the sperm’s [Ca2+]i
oscillations-inducing factor is still under investigation and is
therefore presently called sperm factor (SF).
The Ca2+ release and oscillations induced by the sperm
are widely thought to be mediated by the inositol 1,4,5-
trisphosphate receptor 1 (IP3R-1), a ligand-gated Ca
2+
channel located in the endoplasmic reticulum membrane,
the main intracellular Ca2+ store (Miyazaki et al., 1992;
Mehlmann et al., 1996; Wu et al., 1997; Parrington et al.,
1998; Fissore et al., 1999). The natural ligand of IP3Rs is
inositol 1,4,5-trisphosphate (IP3), one of the products of the
hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2)
by phospholipase C (PLC) enzymes (for review, see
Berridge et al., 2000). There is a growing list of PLC
isoforms (Rhee, 2001; Hwang et al., 2005) and, consistent
with a pivotal role in early development, both male and
female gametes express several PLC isoforms (Dupont et
al., 1996; Mehlmann et al., 1998; Wang et al., 1998; Fukami
et al., 2001; Wu et al., 2001; Parrington et al., 2002;
Saunders et al., 2002). Evaluation of the functional role of
these enzymes in fertilization, which was performed by
means of PLC isoform-specific inhibition, revealed that one
of the PLC isoforms present in eggs, PLCg, was responsible
for IP3 production and Ca
2+ release during fertilization in
sea urchin, starfish, ascidian, and Xenopus (Carroll et al.,
1997, 1999; Shearer et al., 1999; Runft and Jaffe, 2000; Sato
et al., 2003). However, similar studies failed to implicate
any of the traditional PLCs in mammalian fertilization
(Williams et al., 1998; Mehlmann et al., 1998). Therefore,
despite the realization of the essential role of IP3R-1-
mediated Ca2+ release in mammalian fertilization, identi-
fication of the PLC isoform responsible for the underlying
IP3 production has remained elusive (for review, see Runft
et al., 2002; Kurokawa et al., 2004a).
In spite of the initial failure to identify the participating
PLC, two findings convincingly pointed to a critical role of
these enzymes in mammalian fertilization. First, sperm- and
SE-initiated [Ca2+]i oscillations were blocked by addition of
the general PLC inhibitor U-73122, but not by exposure to
its inactive analog (Dupont et al., 1996; Wu et al., 2001).
Second, the capacity of SEs to initiate [Ca2+]i oscillations
closely correlated with enhanced in vitro PLC activity in
active fractions (Jones et al., 2000). Interestingly, this PLC
activity seemed to effectively operate in the presence of low
environmental Ca2+ levels (Rice et al., 2000), which is in
contrast to the high Ca2+ level required for the activity of
other PLC isoforms (Allen et al., 1997). Therefore, it was of
significance when Lai and co-workers identified and
characterized a novel sperm-specific PLC, PLC~ (Saunders
et al., 2002), which showed a 100-fold higher sensitivity to
Ca2+ than other PLC isoforms (Kouchi et al., 2004). PLC~
with a molecular mass of 74 kDa is the smallest of the PLC
subtypes expressed in vertebrates, although it exhibits the
modular domain organization characteristic of PLCs inclu-
ding four EF hand motifs, X and Y catalytic domains, and aC2 domain (Saunders et al., 2002); similar to PLCy
subtypes, PLC~ is devoid of the regulatory domains present
in the h and g isoforms (Rhee, 2001). Consistent with its
proposed role in fertilization, injection of PLC~ cRNA or its
recombinant protein triggered fertilization like [Ca2+]i
oscillations in mouse eggs, whereas injection of the same
concentration of cRNA PLCy1, a closely related isoform
expressed in testis (Lee et al., 1999), failed to do so
(Saunders et al., 2002; Kouchi et al., 2004). In addition,
immunodepletion of PLC~ from hamster SEs (hSEs)
curtailed the ability of these extracts to trigger [Ca2+]i
oscillations (Saunders et al., 2002). Furthermore, over-
expression of tagged fusion proteins revealed that PLC~
accumulated into pronuclei (Larman et al., 2004; Yoda et al.,
2004), which is in agreement with earlier observations that
pronuclei of fertilized zygotes, but not of chemically
activated counterparts, have the ability to trigger [Ca2+]i
oscillations when introduced into new metaphase II eggs
(Kono et al., 1995; Knott et al., 2003). Taken together, these
findings implicate PLC~ as the long sought after SF
responsible for the initiation of oscillations during mamma-
lian fertilization.
In spite of the aforementioned evidence, it still remains to
be demonstrated whether or not PLC~ represents the
physiological, and possibly exclusive trigger of [Ca2+]i
oscillations during fertilization and after injections of SEs.
In regard to the latter, studies using mouse sperm have
argued that fractions capable of inducing [Ca2+]i responses
can be recovered from at least two very different subcellular
localizations. One of these fractions is called ‘‘cytosolic’’ or
‘‘soluble’’, as is collected after breaking off the sperm
membranes (Swann, 1990; Wu et al., 1997), whereas the
other fraction remains associated with the sperm nucleus
and its recovery requires more aggressive extraction
procedures (Kuretake et al., 1996; Perry et al., 1999,
2000; Kurokawa and Fissore, 2003). It is worth noting that
thus far the presence of PLC~ has mainly been demonstrated
in soluble SEs (Saunders et al., 2002).
In this study, we investigated whether or not 72-kDa
porcine PLC~ (pPLC~) represents the lone [Ca2+]i oscil-
lation-inducing component in porcine SEs (pSEs) that
include the complete oscillatory ability of porcine sperm.
Our findings corroborate the hypothesis that a sperm-
specific PLC with high sensitivity to Ca2+ is responsible
for the initiation of [Ca2+]i oscillations in mammalian
fertilization but also show that the presence of immunor-
eactive 72-kDa pPLC~ does not always correspond with the
[Ca2+]i oscillatory activity of pSEs.Materials and methods
Gamete collection
Metaphase II eggs were obtained from B6D2F1 (C57BL/
6J  DBA/2J) and CD-1 female mice (8–12 weeks old)
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gonadotropin (PMSG; Sigma, St. Louis, MO) followed 48 h
later by 5 IU of human chorionic gonadotropin (hCG;
Sigma). Eggs were recovered 14 h post-hCG into a HEPES-
buffered tyrode–lactate solution supplemented with 5%
heat-treated calf serum (TL-HEPES; Parrish et al., 1988).
Cumulus cells were removed by brief treatment with 0.1%
bovine testes hyaluronidase (Sigma). Mouse sperm (12- to
24-week-old B6D2F1 male mice) collected from cauda
epididymides and porcine sperm collected from freshly
ejaculated boar semen were washed two times with injection
buffer (75 mM KCl and 20 mM HEPES, pH 7.0) before use.
All procedures involving live animal handling and
euthanasia were performed according to standard animal
protocols approved by the University of Massachusetts
Animal Care Committee.
Intracytoplasmic sperm injection (ICSI) and sperm
preparations
ICSI was carried out as previously described (Kimura
and Yanagimachi, 1995; Kurokawa and Fissore, 2003) using
Narishige manipulators (Medical System Corp., Great Neck,
NY) mounted on a Nikon diaphot microscope (Nikon Inc.,
Garden City, NY). ICSI was performed in CZB (Chatot,
Ziomek, and Bavister) medium (Chatot et al., 1989) at room
temperature using B6D2F1 gametes and porcine sperm. One
part sperm suspension was mixed with one part injection
buffer containing 12% polyvinyl pyrrolidone (PVP, M.W.
360 kDa; Sigma). Sperm were delivered into the eggs’
cytosol using a piezo micropipette-driving unit (Piezodrill;
Burleigh Instruments Inc., Rochester, NY).
When a whole live sperm was injected, a motile sperm
was gently aspirated into the injection pipette from the tail
and released into the egg with minimal damage to the
sperm; the sperm’s flagellar movement was observed inside
the egg after ICSI. In certain experiments, the porcine sperm
were immobilized by applying a few piezo pulses to the
sperm tail prior to ICSI; the immotile sperm still was
connected to the tail, and the whole sperm was injected.
When sperm heads were injected, sonication was used to
decapitate the heads (Kimura et al., 1998); sonication
(XL2020, Heat Systems Inc., Farmingdale, NY) was carried
out for 5 s (mouse sperm) or 45 s (porcine sperm) at 4-C
with or without 0.05% (v/v) Triton X-100 (TX; Sigma),
which resulted in more than 90% of sperm heads separated
from their tails. Following sonication with TX, sperm were
incubated in injection buffer containing 15 mM DTT for 30
min at 27-C (Perry et al., 1999). In experiments using
frozen–thawed sperm, porcine sperm suspensions in injec-
tion buffer were frozen at 80-C without cryoprotectants.
Upon use, the sperm suspensions were thawed at 4-C and
washed with injection buffer. In certain experiments,
porcine sperm were subjected to alkaline carbonate extrac-
tion (high-pH extraction: see below) following sonication
without TX. After the treatments, sperm were separatedfrom the supernatants. Thereafter, sperm were thoroughly
washed with injection buffer and subjected to ICSI and
immunoblotting (see below), whereas the supernatants were
concentrated and subjected to microinjection and fast
protein liquid chromatography (FPLC) column separations.
Preparation of pSEs
Cytosolic pSE (pSEC) were prepared as previously
described (Wu et al., 2001). In brief, after washing, the
sperm suspension was sonicated in sperm buffer (75 mM
KCl, 20 mM HEPES, 1 mM EDTA, 10 mM glycerophos-
phate, 1 mM DTT, 200 AM PMSF, 10 Ag/ml pepstatin, 10
Ag/ml leupeptin, pH 7.0) at 4-C, and the lysate was
ultracentrifuged. The clear supernatant was concentrated
with ultrafiltration membranes (Centriprep-30; Amicon,
Beverly, MA). These extracts were then mixed for 30 min
at 4-C with ammonium sulfate at 50% final saturation; the
precipitates were collected by centrifugation and kept at
80-C. Upon use, the pellets were resuspended in injection
buffer, washed, and re-concentrated with ultrafiltration
membranes.
High-pH soluble sperm extracts (pSEpH) were prepared
as follows: after sonication, the porcine sperm pellets were
washed with sperm buffer twice and then further washed by
30-min incubation with a washing buffer containing high
salts (1 M KCl, 10 mM Tris, pH 7.4); our preliminary results
showed that high-salt treatment of sperm/sperm heads did
not result in the complete removal of the SF activity from
the sperm (data not shown). The sperm pellets were washed
with sperm buffer once and further subjected to alkaline
carbonate extraction (100 mM Na2CO3, pH 11.5, 10 min at
4-C; Fujiki et al., 1982) to collect pSEpH (see Fig. 2). After
the treatment, the sperm suspension was neutralized,
centrifuged, and concentrated as preparation of pSEC.
Samples were aliquoted and kept at 80-C, whereas the
resulting sperm were used for ICSI. The amount of porcine
sperm proteins obtained by alkaline carbonate extraction
was determined to be 1.0–3.5 pg/sperm, whereas the
amount of cytosolic proteins obtained by sonication was
5.0–8.0 pg/sperm.
Mouse sperm extracts (mSEs) were prepared as follows:
first, mouse sperm were washed twice with TL-HEPES
medium, and the sperm pellet was resuspended in sperm
buffer containing 10 mM DTT. After incubation at 15-C for
15 min, the sperm suspension was sonicated for 10 min at
4-C, and the supernatants were collected after centrifugation
at 100,000  g for 1 h at 4-C. The resulting clear
supernatant was used as the cytosolic fraction. The amount
of cytosolic proteins obtained by sonication was 2.5–4.0 pg/
sperm in the mouse.
FPLC columns
pSEs were subjected to a superose-12 (S12) column
(superose-12 HR 10/30; Amersham Biosciences Corp.,
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previously (Wu et al., 1998, 2001). Proteins obtained from
the ammonium sulfate precipitation were loaded at 4-C onto
an S12 column. Proteins were eluted with elution buffer (75
mM KCl, 20 mM HEPES, 1 mM EDTA, 200 AM PMSF, 20
Ag/ml pepstatin, 20 Ag/ml leupeptin, pH 7.0) at a flow rate
of 0.1 ml/min and detected at OD280 by an UV-M monitor
(Pharmacia Biotech Inc., Piscataway, NJ, USA). Fractions
(0.25 ml) were collected and concentrated for testing the
Ca2+ releasing activity and for performing Western blots.
Hydroxyapatite (HAP) chromatography was performed
as previously described (Wu et al., 1998, 2001). In brief,
pSEs were loaded at 4-C onto a 5-ml HAP column using an
FPLC system. Proteins were eluted at a low rate of 0.4 ml/
min by increasing the molarity of potassium phosphate (pH
7.2) in a stepwise manner. Fractions of 1.0 ml were
collected, pooled, and washed with injection buffer and
concentrated before testing for the Ca2+ releasing activity.
Microinjection and [Ca2+]i measurements
Microinjection procedures were as previously described
(Wu et al., 2001). In brief, eggs from CD-1 mice were
microinjected using Narishige manipulators (Medical Sys-
tems Corp., Great Neck, NY) mounted on a Nikon Diaphot
microscope (Nikon Inc., Garden City, NY). Glass micro-
pipettes were filled by suction from a microdrop containing
pSEs, mSE, recombinant proteins, or mRNAs. Solution was
expelled into the cytoplasm of eggs by pneumatic pressure
(PLI-100, picoinjector, Harvard Apparatus, Cambridge,
MA). The injection volume was approximately 5–10 pl
and resulted in a final intracellular concentration of the
injected compounds of approximately 1–2% of the concen-
tration in the injection pipette.
[Ca2+]i measurements were carried out as previously
described (Kurokawa and Fissore, 2003). Eggs were loaded
with 1 AM fura-2 acetoxymethylester (fura-2 AM; Molec-
ular Probes) supplemented with 0.02% pluronic acid
(Molecular Probes) for 20 min at room temperature.
[Ca2+]i values were monitored using a Nikon Diaphot
microscope fitted for fluorescence measurements. Two to
fifteen eggs were simultaneously monitored using the
software Image 1/FL (Universal Imaging, Downington,
PA). Images were acquired using an SIT camera (Dage-
MTI, Michigan City, IN) coupled to an amplifier (Video
Scope International Ltd., Sterling, VA). [Ca2+]i values were
not calibrated in this system and are therefore reported as the
ratios of 340/380 nm fluorescence. Fluorescence ratios were
obtained every 10–20 s depending on the experiment.
Immunoblotting
Western blotting was carried out as previously described
(Kurokawa et al., 2004b). Unless otherwise stated, 30 Ag
protein samples was loaded to each lane for analysis of
pSEs. Likewise, sperm samples were placed at a finalconcentration of 1  106 sperm/lane. Protein samples were
separated by SDS-polyacrylamide gel electrophoresis and,
thereafter, transferred onto polyvinylidene difluoride mem-
branes (Millipore Corporation, Bedford, MA) for 1 h at
4-C. Following incubation with dry milk (6%) or BSA
(1%), the membranes were probed with a primary antibody
(1:1000) and then a horseradish-peroxidase-labeled secon-
dary antibody (1:3000; Bio-Rad Laboratories, Hercules,
CA). Immunoreactivity was detected using chemilumines-
cence reagents (NEN Life Science Products, MA) and the
Kodak Image Station 440CF (NEN). Western blotting
procedures were repeated at least five times for each
sample, and the representative pictures were shown in the
figures.
PLC assay
In vitro PLC assays were carried out based on the method
previously described (Liu et al., 1996). In brief, 20 Al (1 to
20 Ag protein) of a sample presumably containing an active
PLC was mixed with 10 Al Ca2+ buffer and 20 Al substrate
cocktail to obtain a final concentration of 50 AM phospha-
tidylethanolamine (Sigma), 40 AM PIP2 (Sigma), 0.01 ACi/
50 Al [3H]PIP2 (Perkin-Elmer Life Sciences Inc., Boston,
MA), 25 mM MES (Sigma, pH 6.3), 1.0 mg/ml BSA, and 2
mM EGTA. Final concentrations of CaCl2 were calculated
to free external Ca2+ concentrations ([Ca2+]e) ranging from
1 nM to 100 AM using the CaBuf software (G. Droogmans,
K.U. Leuven, Belgium). Unless otherwise stated, the assays
were carried out in the presence of 5 AM [Ca2+]e. The
reaction proceeded for 5 min at room temperature and was
stopped by addition of 2 ml chloroform/methanol (2:1; v/v).
The generated [3H]IP3 was extracted into the aqueous phase
by addition of 0.5 ml of 1 N HCl, and the radioactivity in
the aqueous phase was measured with a liquid scintillation
counter (Beckman, Fullerton, CA). PLC activity was
represented as a function of [3H]IP3 production (nmol/mg
sample protein/min) after subtracting the background [3H]
levels that were obtained without protein samples.
Antibodies and other chemicals
Two different anti-PLC~ rabbit sera were raised: one
against a 19-mer sequence (GYRRVPLFSKSGANLEPSS)
at the C-terminus of mouse PLC~ (mPLC~) (accession no.
NP_473407; Saunders et al., 2002) and the other against a
19-mer sequence (MENKWFLSMVRDDFKGGKI) at the
N-terminus of pPLC~ (accession no. BAC78817). Note that,
while aPLC~-CT equally detects both mPLC~ and pPLC~ ,
aPLC~-NT is only capable of recognizing pPLC~ due to the
homology in the antigenic amino acid sequence (data not
shown). Anti-a-tubulin monoclonal antibody (cat. no.
T9026) and anti-phosphotyrosine monoclonal antibody
(PY99, cat. no. sc-7020) were purchased from Sigma and
Santa Cruz Biotechnology (Santa Cruz, CA), respectively.
Anti-oscillin serum was raised against purified recombinant
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et al., 1998).
A GST-mPLC~ fusion protein was produced using
Bac-to-BacR Baculovirus Expression System (Invitrogen
Corporation, Carlsbad, CA) as previously described
(Kouchi et al., 2004).
Stock solutions of U73122 (1-(6-{[17h-3-methoxyestra-
1,3,5(10)-trien-17-yl]amino}hexyl)-1H-pyrrole-2,5-dione,
Calbiochem) and U73343 (1-(6-{[17h-3-methoxyestra-
1,3,5(10)-trien-17-yl]amino}hexyl)-2,5-pyrrolydinedione,
Calbiochem) were prepared by dissolving the compounds in
chloroform to a final concentration of 5 mM. The solution
was then aliquoted, dried under a stream of N2, and stored at
20-C. Upon use, the aliquots were reconstituted in DMSO
and diluted to working concentrations of 10–30 AM in TL-
HEPES supplemented with 5% fetal calf serum. Eggs were
preincubated in TL-HEPES containing 20 AM U73122 or
U73343 without paraffin oil for 15 min at 37-C prior to the
injection of pSEs. For some experiments, 0.5 Ag/Al pSEs
was incubated in 0–20 AM U73122 or U73343 for 15 min
at 4-C and then subjected to in vitro PLC assays.
Sea urchin egg extracts were a generous gift from Dr.
Dominic Poccia at Amherst College (Stephens et al., 2002).Results
[Ca2+]i oscillation-inducing activity of porcine sperm
We have previously shown that injection of physiological
amounts of pSEs (¨one sperm equivalent) into mouse eggs
triggered [Ca2+]i oscillations with higher frequency than
those initiated by fertilization in this species (Kurokawa et
al., 2004a). However, we did not know whether this
reflected an artifact created by the bolus injection of the
extracts or if indeed pSEs, and possibly porcine sperm, have
greater oscillatory activity than mouse sperm. To answer
these questions, we first compared [Ca2+]i responses
induced by pSEs and mSEs in mouse eggs. As shown in
Figs. 1A–C, injection of cytosolic pSEs induced [Ca2+]i
oscillations more efficiently than mSEs. Furthermore, these
differences in [Ca2+]i oscillatory activity were maintained
after injection of a single porcine sperm head (Fig. 1D) vs. a
single (Fig. 1E) or even 3 mouse sperm heads (Fig. 1F).
Because release of SF and initiation of oscillations are
facilitated in mouse ICSI after disruption of sperm
membranes (Kurokawa and Fissore, 2003; Figs. 1E and I),
we determined whether this was also the case after injection
of porcine sperm. As shown in Fig. 1G, despite the great
oscillatory ability of porcine sperm, injection of intact live
sperm into mouse eggs triggered highly diminished [Ca2+]i
responses. However, disruption of sperm membranes, even
by milder methods such as the application of a piezo pulse,
which merely immobilizes the sperm (Kurokawa and
Fissore, 2003), restored the ability to initiate high frequency
oscillations (Fig. 1H). Taken together, these results showthat porcine sperm contain greater ability to induce [Ca2+]i
oscillations than mouse sperm and that the soluble SF
rapidly initiates [Ca2+]i oscillations upon gaining access to
the ooplasm.
Complete extraction of SF from porcine sperm
Despite that the functional and biochemical character-
ization of SEs was mostly performed on soluble SEs
obtained following sonication and/or freeze–thawing of
sperm, it became readily apparent that demembranated
mouse sperm retained equal capacity to trigger [Ca2+]i
oscillations and egg activation in mouse eggs (Kimura et al.,
1998; Kurokawa and Fissore, 2003). These results sug-
gested that the active SF was distributed to different sperm
compartments or, alternatively, that it might be rather
insoluble, possibly associating with the perinuclear theca,
a structural component surrounding the sperm nucleus
(Kimura et al., 1998). Consistent with this notion, it was
later reported that complete recovery of the mouse sperm’s
oscillatory ability required sperm treatment with TX and
DTT (Perry et al., 1999, 2000). Because porcine sperm have
greater oscillatory ability than mouse sperm, we examined
whether the same treatments could deplete the ability of
porcine sperm to induce [Ca2+]i oscillations. Accordingly,
we sequentially exposed porcine sperm to freeze–thawing,
sonication (with or without TX), and DTT (Fig. 2A).
Injection of sperm following each treatment revealed that
neither of these treatments abrogated the ability of sperm
heads to initiate oscillations (Fig. 2A), despite the fact that
all collected supernatants were equally effective at trigger-
ing [Ca2+]i responses (data not shown).
Therefore, to attempt to recover all the active compo-
nents from pSEs, we exposed porcine sperm to alkaline
carbonate extraction (high-pH extraction; Fig. 2B, upper
panel), which is often used to disrupt lipid membrane
vesicles to collect membrane-associated proteins (Fujiki et
al., 1982). While high-pH treatment of porcine sperm heads
completely abrogated the capacity of these sperm (spermpH)
to initiate [Ca2+]i oscillations, the oscillatory activity or SF
was recovered in the high-pH soluble supernatant (pSEpH)
(Fig. 2B; lower panel). To confirm that this treatment was
not merely inactivating the activity associated with the
sperm head, cytosolic/soluble pSEs (pSEC) were exposed to
the high-pH buffer (the pH was re-adjusted to 7.0 before
injection) and then monitored for function. High-pH treat-
ment did not abrogate the [Ca2+]i oscillation-inducing
activity of pSEC (Fig. 2B), indicating that lack of
oscillation-inducing activity in spermpH was due to com-
plete extraction of the active molecule(s).
Characterization of pSEC and pSEpH
We next examined the molecular composition and
functional activity of pSEC and pSEpH. The molecular
composition of pSEs was evaluated by immunoblotting
Fig. 1. Porcine sperm have greater capacity to initiate [Ca2+]i oscillations than mouse sperm. Microinjection of porcine sperm extracts (pSEs) into mouse eggs
induced [Ca2+]i oscillations more efficiently (0.5 Ag/Al in the pipette concentration; A) than that of mouse sperm extracts (mSEs) (10 Ag/Al and 1.0 Ag/Al; B and
C). Injection (ICSI) of sonicated porcine sperm heads (D) induced [Ca2+]i oscillations in mouse eggs with significantly higher frequency than that of single or
even three mouse sperm heads (E and F, respectively). Injection of intact live porcine sperm (G) induced [Ca2+]i oscillations with lower frequency than that of
sonicated sperm heads (D) or membrane-damaged whole sperm (immobilized sperm: H). Injection of intact mouse sperm (I) also triggered lower-frequency
[Ca2+]i oscillations than that of sonicated sperm heads (E). The numbers in parentheses show the number of injected mouse eggs. Most representative [Ca
2+]i
responses are shown.
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subcellular compartments in the sperm. We used oscillin, a
former candidate protein of cytosolic SF (Parrington et al.,
1996), and a-tubulin as indicators of proteins present in
soluble fractions. Tyrosine phosphorylated proteins, which
are thought to be associated with membranes (Carrera et al.,
1996) and/or cytoskeletal structures (Tardif et al., 2001),
were used as indicators of less soluble sperm proteins. As
shown in Fig. 3, pSEC showed immunoreactive oscillin andgreater presence of a-tubulin, whereas pSEpH exhibited
greater amounts of immunoreactive tyrosine-phosphorylated
proteins. These results suggest that pSEC and pSEpH contain
proteins recovered from different sperm compartments.
The functional activities of pSEs were first compared by
injection of the extracts into mouse eggs and evaluation of
egg activation. Injection of different concentrations of pSEC
and pSEpH revealed that similar threshold concentrations
were required to induce egg activation (Fig. 4A) and [Ca2+]i
Fig. 3. pSEC and pSEpH have distinct protein profiles. Immunoblot analyses
showed that pSEC, but not pSEpH, contained significant amounts of oscillin
and a-tubulin, whereas pSEpH contained large amounts of tyrosine-
phosphorylated proteins (pTyr) (30 Ag protein/lane).
Fig. 2. Sperm-anchored less soluble SF can be fully extracted by high-pH treatment. (A) Porcine sperm were sequentially extracted by freeze– thaw, sonication
with or without 0.1% TX, and DTT treatment. After each treatment, sperm were separated from the supernatants by centrifugation. After DTT treatment,
injection of both supernatants (0.5 Ag/Al protein concentration) and sperm heads into mouse eggs initiated high frequency oscillations. (B) Porcine sperm
treated with high-pH buffer following sonication (spermpH) lost the ability to trigger [Ca2+]i oscillations, whereas injection of the supernatant (0.5 Ag/Al protein
concentration; pSEpH) triggered [Ca2+]i oscillations in mouse eggs, as seen upon injection of cytosolic soluble porcine sperm extracts (pSE
C). We confirmed
that brief high-pH treatment per se did not abolish the SF activity (pSEC at pH 11.5; right panel). The numbers in parentheses show the number of injected eggs.
Most representative [Ca2+]i responses are shown.
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pSEC and pSEpH was precluded by pretreatment of eggs
with 2 mM BAPTA-AM, an intracellular Ca2+ chelator (data
not shown), suggesting that both pSEs induced egg
activation by promoting Ca2+ release.
We next evaluated whether initiation of oscillations by
both pSEs required an active PLC. Accordingly, mouse eggs
were pretreated with U-73122, a PLC inhibitor (Dupont et
al., 1996), after which they were injected with pSEC or
pSEpH. In the presence of U-73122, neither of the pSEs
induced Ca2+ release, although both pSEs triggered normal
[Ca2+]i oscillations in eggs pretreated with U-73343, the
inactive analogue (Fig. 4B). Because the above experiment
did not discern whether a sperm PLC was affected by U-
73122, we performed PLC assays using [3H]PIP2 as the
substrate and pSEs. U-73122 significantly inhibited in vitro
PLC activities of pSEs (Fig. 4C; for pSEC, data not shown),
suggesting that pSEpH, as previously suggested by others for
pSEC (Jones et al., 2000; Rice et al., 2000), contains an
Fig. 4. pSEC and pSEpH have similar ability to trigger Ca2+ release and activate mouse eggs in a PLC-dependent manner. (A) pSEC and pSEpH microinjected
into mouse eggs at different concentrations, 0.05, 0.1, and 0.5 Ag/Al, needed similar threshold concentration to induce egg activation. (B) Injection of pSEC and
pSEpH into eggs pretreated with a PLC inhibitor, U-73122, did not trigger [Ca2+]i oscillations, whereas both extracts triggered [Ca
2+]i oscillations in eggs
pretreated with U-73343, the inactive analogue. (C) In vitro PLC assays (under 5 AM free Ca2+ ([Ca2+]e)) showed that U-73122 significantly (asterisks: t test,
P < 0.05) inhibited PLC activity in pSEpH compared to U-73343 (101.8 T 27.7 (mean T SD) (n = 7) vs. 57.9 T 14.9 (n = 5) for 20 AM inhibitor concentrations
and 98.5 T 11.8 (n = 6) vs. 59.1 T 10.8 (n = 5) for 30 AM inhibitor concentrations). (D) pSEC and pSEpH exhibited PLC activity in a [Ca2+]e-dependent manner;
basal and peak PLC activity of pSEpH was 4- to 5-fold higher than that of pSEC at any [Ca2+]e levels (1.2 T 1.5 (n = 4) vs. 5.9 T 4.4 (n = 4) at 0.5  107
[Ca2+]e M, 2.6 T 1.5 (n = 4) vs. 13.0 T 5.6 (n = 4) at 0.5  106 [Ca2+]e M, and 5.8 T 2.2 (n = 4) vs. 20.8 T 8.9 (n = 4) at 0.5  105 [Ca2+]e M), although the
fold increase over basal activity was equal for both groups.
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M. Kurokawa et al. / Developmental Biology 285 (2005) 376–392384active PLC. Given that the sperm PLC is reportedly active at
near basal [Ca2+]e levels, we performed in vitro PLC assays
using pSEC and pSEpH in the presence of a range of [Ca2+]e.
As a control, we evaluated the PLC activity of sea urchin
egg extracts, which are known to contain PLCg (Rongish et
al., 1999). Our results show that, while pSEs displayed
significant PLC activity with peak activity between 0.1 and
5 AM [Ca2+]e, the activity of sea urchin egg extracts at the
concentration used in this study was negligible (data not
shown), consistent with their lower PLC activity (Rongish et
al., 1999). It is worth noting that pSEpH displayed a 4- to 5-
fold higher basal and peak PLC activity than pSEC, althoughFig. 5. Chromatography studies reveal that the [Ca2+]i oscillation-inducing activ
chromatographic columns, hydroxyapatite (HAP) and superose 12 (S12), were use
and pSEpH. Fractions with the highest and next highest [Ca2+]i oscillation-inducing
elution profile of each column. (B) HAP separations (F1 to F6, indicated in A, r
[Ca2+]i oscillation-inducing activity. Shown are representative [Ca
2+]i profiles.we presently do not know the reason for these differences
(Fig. 4D). Heat-treated pSEC and pSEpH (60-C, 5 min) did
not show PLC activity (data not shown).
FPLC fractionation of pSEC and pSEpH
FPLC fractionation of differently prepared pSEs was
performed to ascertain the pattern of segregation of fractions
with [Ca2+]i oscillatory activity. S12 column fractionation of
pSEC, freeze–thawing (not shown), DTT soluble super-
natants, and pSEpH revealed that the [Ca2+]i oscillation-
inducing factor in all pSEs had the same approximateity elutes into similar fractions regardless of extraction methods. (A) Two
d to segregate the Ca2+ activity present in pSEC, DTT-soluble supernatants,
activity are denoted by black and gray bars, respectively, under the protein
ight panel) were subjected to microinjection into mouse eggs for testing of
M. Kurokawa et al. / Developmental Biology 285 (2005) 376–392 385molecular size, as the activity eluted in similar fractions
(Fig. 5A, left panels). Likewise, fractionation of the
aforementioned extracts by HAP column chromatography
showed a similar phosphate-binding affinity for all fractions
with [Ca2+]i oscillatory activity (F4 to F6; see Figs. 5A and
B). Taken together, these results suggest that, regardless of
extraction methods and/or sperm compartments, the active
component in pSEs is most likely represented by a single
molecule/molecular complex.Fig. 6. Detection of pPLC~ in sperm and pSEs. Two anti-PLC~ antibodies (1:10
aPLC~-CT identified two protein bands at 74 and 65 kDa (arrows) in mouse sperm
porcine sperm (2.0  106 sperm/lane, right lane). (B) Both aPLC~-CT (left panel
sperm. After high-pH treatment of porcine sperm (spermpH), immunoreactivity of
CT and aPLC~-NT blots, respectively (2.0  106 sperm/lane). (C) aPLC~-CT dete
in the presence of the antigenic peptide revealed no protein bands (right). (D) In th
neither aPLC~-CT (left panel) nor aPLC~-NT (right) detected any protein bands i
GST-mPLC~ fusion protein (10 ng/lane), mouse sperm (mSperm, 2.5  105
immunoblotted with either aPLC~-CT or aPLC~-NT. Immunoreactivity of mSper
1:1.25). (F) pSperm (2.5  105 sperm/lane) and pSEC (10 Ag/lane) were immun
developed side by side and for the same duration in order to make densitometricPresence of 72-kDa PLCf in porcine sperm and in pSEs
PLC~ , the recently discovered sperm-specific PLC, has
been shown to represent the active component of hSEC
(Saunders et al., 2002). Therefore, we evaluated whether
PLC~ was present in porcine sperm and in pSEC and pSEpH
extracts, which together are thought to represent all the
oscillatory activity of porcine sperm. Immunoblotting was
performed using antibodies generated against the N- and C-00 dilution), aPLC~-CT and aPLC~-NT, were used to detect pPLC~ . (A)
(1.0  106 sperm/lane, left lane) and a single band at 72 kDa (arrowhead) in
) and aPLC~-NT (right panel) detected 72-kDa pPLC~ (arrows) in porcine
72-kDa pPLC~ (arrows) was reduced by 63 T 9% and 65 T 16% in aPLC~-
cted GST-mPLC~ fusion protein (30 ng/lane) (left), whereas immunoblotting
e presence of the antigenic peptides (30 Ag of peptide per Al of anti-serum),
n porcine sperm (2.0  106 sperm/lane), pSEC and pSEpH (30 Ag/lane). (E)
sperm/lane), and porcine sperm (pSperm, 2.5  105 sperm/lane) were
m and pSperm was comparable when using aPLC~-CT (mSperm:pSperm =
oblotted with either aPLC~-CT or aPLC~-NT. In (E, F), membranes were
comparisons of PLC~ bands between sperm samples.
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Using the aPLC~-CT antibody, we detected two immunor-
eactive bands in mouse sperm, a full-length mPLC~ at ¨74
kDa and an N-terminal truncated version (a splicing variant)
at ¨65 kDa (Fig. 6A), which is consistent with a previous
report for this species (Kouchi et al., 2004). In porcine
sperm, a single and smaller immunoreactive band was
observed (Fig. 6A: pPLC~ at 72 kDa), which is in
accordance with the knowledge that pPLC~ consists of
fewer amino acids (aa) than mPLC~ (636 vs. 647 aa;
accession no. BAC78817 and NP_473407, respectively).
Importantly, pH-treated sperm, which are unable to initiate
[Ca2+]i oscillations, showed greatly reduced 72-kDa pPLC~
immunoreactivity to both antibodies (Fig. 6B). Evidence for
the specificity of our antibodies is provided by the
demonstration that the aPLC~-CT antibody recognized the
GST-mPLC~ fusion protein and addition of the antigenic
peptide abolished this signal (Fig. 6C). Moreover, in the
presence of the respective antigenic peptides, both anti-
bodies failed to recognize pPLC~ in sperm or in pSEs (Fig.
6D). Likewise, the rabbits’ pre-immune sera did not show
immunoreactivity (data not shown).
Because porcine sperm are more effective at initiating
oscillations than mouse sperm, we sought to ascertain
whether or not the content of full-length PLC~ in sperm of
these two species differed. To accomplish this, we
performed quantitative immunoblotting using the aforemen-
tioned antibodies, known amounts of mouse and porcine
sperm along side known amounts of recombinant GST-
mPLC~ . We determined using the aPLC~-CT antibody that
a single mouse sperm contains ¨45–50 fg of GST-mPLC~
(Fig. 6E), which is consistent with the PLC~ content
reported for mouse sperm by others (Saunders et al.,
2002; Fujimoto et al., 2004). Based on immunoreactivity
to the same antibody, porcine sperm seemed to have similar
amounts of PLC~ (Fig. 6E). However, because aPLC~-CT
was raised against a mouse peptide sequence, we performed
a direct comparison of porcine sperm immunoreactivity
using aPLC~-CT and aPLC~-NT, the latter of which wasFig. 7. Decreased immunoreactive presence of 72-kDa pPLC~ in pSEpH. (A) 72-kD
pSEC (30 Ag/lane) but not in pSEpH (30 Ag/lane). The corresponding densitometri
using aPLC~-CT, and 82.3 T 17.8 for pSEC (n = 6) and 3.0 T 3.9 for pSEpH (n =
containing 100 mM Na2CO3 (pH 11.5; high-pH treatment). aPLC~-CT (left panel
pPLC~ (arrows) as well as the pattern of degradation fragments did not change araised against a porcine peptide sequence. Our results show
that the aPLC~-NT antibody reported 7.6 T 1.9 (mean T SD)
times greater amounts of immunoreactive PLC~ protein than
aPLC~-CT (Fig. 6F, upper panel) and this difference in
immunoreactivity to pPLC~ also extended to pSEC extracts
(Fig. 6F, lower panel). Hence, based on this information, we
estimate that each porcine sperm contains upwards of 350 fg
of 72-kDa pPLC~ and that1 Ag of pSEC contains upwards of
8.2 ng of 72-kDa pPLC~ , the latter of which is consistent
with the estimated concentration by others of PLC~ in pSEC
using a different antibody (Fujimoto et al., 2004).
Given that similar threshold concentrations of pSEC and
pSEpH are required to induce [Ca2+]i oscillations in mouse
eggs, we next evaluated whether these extracts contained
equivalent amounts of immunoreactive 72-kDa pPLC~ .
Notably, while 72-kDa pPLC~ was easily detectable in
pSEC (Fig. 7A), it was nearly absent in pSEpH (Fig. 7A and
data not shown), despite that equal amounts of protein were
loaded per lane. To rule out the possibility that pH treatment
modified the immunoreactivity of the protein, pSEC was
subjected to the same pH treatment as pSEpH and, as shown
in Fig. 7B, immunoreactivity of 72-kDa pPLC~ was
unaltered, further supporting the evidence that pSEpH
contains negligible amounts of 72-kDa pPLC~ .
pPLCf and PLC activity of pSEs after S12 and HAP
fractionation
To more precisely establish whether or not the presence
of immunoreactive 72-kDa pPLC~ correlated with the
ability to initiate [Ca2+]i oscillations, we performed FPLC
fractionation of pSEC and pSEpH followed by determination
of Ca2+ activity and PLC~ immunoreactivity. Fractionation
of pSEC by S12 revealed that 72-kDa PLC~ was exclusively
present in fractions with [Ca2+]i oscillation-inducing activity
(Fig. 8). However, this close association of 72-kDa pPLC~
with oscillatory activity was not found upon HAP fractio-
nation of pSEC. Under these conditions, 72-kDa pPLC~ was
found in an active fraction (F4; Fig. 9A) and also in ana pPLC~ (arrows) was detected in porcine sperm (2.0  106 sperm/lane) and
c values were 35.5 T 19.0 for pSEC (n = 6) and 4.2 T 4.1 for pSEpH (n = 6)
6) using aPLC~-NT. (B) pSEC was subjected to alkaline extraction buffer
) and aPLC~-NT (right panel) showed that the immunoreactivity of 72-kDa
fter high-pH treatment (with Na2CO3) of pSE
C (30 Ag/lane).
Fig. 8. 72-kDa pPLC~ co-elutes with active fractions after size column fractionation. Immunoblottings were performed for S12 fractions (F1 to F6; 10 Ag/lane)
of pSEC. 72-kDa pPLC~ (arrow) was detected in porcine sperm (sp: 2.0  106 sperm/lane), F3 and F4. [Ca2+]i oscillation-inducing activity of each fractions is
shown in the bottom.
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72-kDa pPLC~ was absent from fractions F5 and F6, which
contained high [Ca2+]i oscillation-inducing activity (Fig.
9A; also see Fig. 5). In addition, as expected, 72-kDa
pPLC~ was undetectable after fractionation of pSEpH (Fig.
9B). In light of these unpredicted results and taking into
account that the PLC activity of pSEs and PLC~ is
reportedly high at near basal [Ca2+]e, we investigated if
pSE fractions with [Ca2+]i oscillatory activity also displayed
PLC activity at low [Ca2+]e. Notably, all active fractions of
pSEC and pSEpH fractionated by HAP exhibited high PLC
activity at low [Ca2+] levels (Fig. 9C), despite the fact that
immunoreactive 72-kDa pPLC~ was undetectable in most of
these fractions (Figs. 9A and B).
To rule out the possibility that other PLC isoforms may
account for the PLC activity in these fractions, we
performed immunoblotting for the following PLC isoforms:
h1, h3, g2, y1, y3, and y4 isoforms using mouse brain (h1,
h3, g2, y1, y4) and placenta (y3) as positive controls.
However, none of the tested PLC isoforms were detected in
the active HAP fractions (data not shown). Therefore, in
order to explain these seemingly paradoxical results, we
focused on the presence of N- and C-terminal fragments of
PLC~ , possibly including the X or Y catalytic domains,
which were present almost exclusively in the active pSE
HAP fractions (Figs. 9A, B). Previous evidence has shown
that cleavage of other PLC isoforms at the linker region
(between X and Y) not only did not abolish PLC activity,
but rather enhanced it (Ellis et al., 1993; Fernald et al.,
1994; Schnabel and Camps, 1998). Hence, these N- and C-
terminal fragments of pPLC~ may account, at least in part,
for the PLC activity in active fractions in the absence offull-length pPLC~ . Importantly, the N- and C-terminal
fragments exhibited different molecular weights, and their
immunoreactivity was prevented by addition of the
corresponding antigenic peptides (data not shown), suggest-
ing that they were being specifically recognized by our
antibodies.Discussion
In the present report, we investigated the biochemical
properties and molecular composition of SEs that represent
all the [Ca2+]i oscillation-inducing activity of porcine
sperm. We demonstrate that porcine sperm have greater
[Ca2+]i oscillation-inducing activity than mouse sperm and
show that significant amounts of it remain associated with
the sperm after removal of pSEC by conventional methods.
We present evidence that the remaining SF activity can be
liberated from the sperm by high-pH extraction, pSEpH.
Functional, biochemical, and chromatographic character-
ization of pSEC and pSEpH revealed that a single molecule/
molecular complex is responsible for their Ca2+ activity.
Importantly, immunoreactivity to the 72-kDa pPLC~ , the
putative SF, was detected only in some of the active
fractions of pSEC, and it was nearly absent in pSEpH.
Nonetheless, all the pSE’s active fractions displayed high
PLC activity at resting [Ca2+]e levels. Therefore, our
results support the notion that a sperm PLC is responsible
for the Ca2+ oscillatory ability of pSEs but suggest that, if
72-kDa pPLC~ is the sole active molecule, it undergoes
significant modifications during the preparation of the
extracts.
Fig. 9. PLC activity coincides with Ca2+ oscillatory activity in HAP-generated sperm fraction but not with immunoreactive 72-kDa pPLC~ . Immunoblottings
were performed for HAP fractions (F1 to F6; 10 Ag/lane) of pSEC (A) and pSEpH (B) using aPLC~-CT (left panel) and aPLC~-NT (right panel). (A) 72-kDa
pPLC~ (arrows) was detected in porcine sperm (2.0  106 sperm/lane), pSEC (30 Ag/lane), pSEC F3, and pSEC F4. (B) 72-kDa pPLC~ (arrows) was not
detected in any of the HAP fractions. Note that a single band in F4 detected by aPLC~-CT (indicated by arrow head) is likely to be a degradation product (N-
terminally truncated), rather than 72-kDa pPLC~ (arrow), because its molecular size is smaller than the intact protein and also because it is unrecognizable by
aPLC~-NT (B, right panel). (C) The HAP column fractions (F1 to F6) of pSEC and pSEpH were assayed for hydrolysis of PIP2; F4, F5, and F6 had high PLC
activity highly sensitive to [Ca2+]e.
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The initial demonstration that injection of SEs into eggs
triggered fertilization-like oscillations and that this, there-
fore, might represent the mechanism by which sperm induce
egg activation in mammals was met with skepticism (Stice
and Robl, 1990; Swann, 1990). The main objection raised
was that SEs likely contained proteins from all sperm
compartments, including the acrosome, and it is well known
that sperm possess an active phosphoinositide pathway,
which is required for sperm-specific functions such as the
acrosome reaction (O’Toole et al., 2000; Fukami et al.,
2003). Nevertheless, subsequent studies using TX-demem-branated mouse and porcine sperm heads, which lack all
cytoplasmic contents including the acrosome, demonstrated
that these sperm upon injection into mouse eggs were
capable of inducing egg activation and development
(Kuretake et al., 1996; Kimura et al., 1998; Perry et al.,
1999; 2000) as well as [Ca2+]i oscillations (Kurokawa and
Fissore, 2003; Kurokawa et al., 2004b). Because the most
recognizable structures in TX-treated sperm heads are the
nucleus and perinuclear theca, it was suggested that the
putative SF molecule may be associated with the perinuclear
theca (Perry et al., 2000).
Our present studies extend those observations by
demonstrating that complete removal of the [Ca2+]i oscil-
M. Kurokawa et al. / Developmental Biology 285 (2005) 376–392 389lation-inducing activity from porcine sperm is only attained
by high-pH extraction. This extraction method was devel-
oped to isolate proteins from vesicular membranes (Fujiki et
al., 1982; Howell and Palade, 1982) since it allowed, by
opening closed vesicles, the recovery of content and
peripherally associated membrane proteins. Therefore, our
findings suggest that significant amounts of SF are
associated with sperm membranes, presumably the inner
acrosomal membrane surrounding the perinuclear theca. We
speculate that this distribution of SF makes possible the
steady release of the [Ca2+]i oscillation-inducing factor
during the first hour after sperm entry, which is the
approximate time required for the sperm to fully discharge
its activating capacity during mouse fertilization (Knott et
al., 2003).
Additional confusion regarding the role of SF on
mammalian egg activation was brought on by the sugges-
tion that several different molecules may be responsible for
the [Ca2+]i oscillation inducing activity of SEs (Perry et al.,
1999, 2000). In this study, for the first time, we compared
the functional, biochemical, and chromatographic properties
of these different SEs. Our results show that, despite
displaying different protein composition, pSEC and pSEpH
induced [Ca2+]i oscillations at similar threshold concen-
trations, their activity was equally blocked by a PLC
inhibitor, and they showed in vitro PLC activity with high
sensitivity to Ca2+. Furthermore, chromatographic fractio-
nations revealed that the Ca2+ releasing activity of the two
pSEs segregated to similar fractions. Together, these results
suggest that the same molecule/molecular complex is
responsible for all the [Ca2+]i oscillation-inducing activity
of mammalian sperm. In support of this conclusion,
immunoreactive PLC~ , which had been originally reported
in soluble SEs (Saunders et al., 2002), has now also been
identified in less soluble fractions obtained by DTT treat-
ment of demembranated sperm heads (Fujimoto et al.,
2004). Nonetheless, it is worth noting that, while DTT
treatment reportedly removes all of the ‘‘sperm-borne
oocyte-activating factor (SOAF)’’ from mouse sperm (Perry
et al., 1999, 2000), it fails to do so from porcine sperm, as
noted in the present manuscript (Fig. 2).
All pSE active fractions do not show immunoreactivity to
72-kDa pPLCf but display PLC activity highly sensitive to
Ca2+
Confirmation that the sperm activates mammalian eggs
via the release of an SF required the identification of a
candidate molecule. The recent discovery of the novel
sperm-specific PLC~ may indeed prove to be the long-
sought Ca2+ oscillator present in SEs (Saunders et al., 2002;
see Introduction). Consistent with its role as the universal
initiator of oscillation in mammals, our immunoblot
analyses demonstrate that PLC~ is present in both mouse
and porcine sperm as well as in pSEs. Moreover, here, we
report that porcine sperm, the injection of which initiateshigher frequency oscillations than injection of a mouse
sperm, seem to contain ¨7-fold greater amounts of PLC~
than mouse sperm. These results are consistent with
previous evidence showing that injections of SEs containing
higher protein concentrations resulted in oscillations of
higher frequency, presumably due to injection of larger
amounts of the putative SF.
Nevertheless, chromatographic fractionation of pSEs
revealed some discrepancies between the presence of 72-
kDa pPLC~ and [Ca2+]i oscillatory activity. For instance,
we identified one inactive fraction that displayed 72-kDa
pPLC~ immunoreactivity and also several fractions that
despite exhibiting high [Ca2+]i oscillation-inducing activ-
ity contained considerably less, or undetectable amounts,
of 72-kDa pPLC~ . The presence of 72-kDa pPLC~ in an
inactive fraction could simply be due to lower than
threshold concentrations of the molecule in the fraction.
Alternatively, it is possible that PLC~ may be associated
with other proteins during its storage in sperm and that
this may serve to suppress its activity prior to fertiliza-
tion. Equally intriguing is the presence of pSE fractions
with [Ca2+]i oscillatory activity despite greatly decreased
immunoreactivity to 72-kDa pPLC~ . In our study, we can
rule out the possibility that the absence of immuno-
reactive 72-kDa pPLC~ is due to protein modifications
(e.g. phosphorylation) during extract preparation that
render proteins undetectable to the antibodies since, in
the course of our studies, we used two different anti-
bodies and because active fractions devoid of 72-kDa
pPLC~ were found in both pSEC and pSEpH. It is worth
noting that a previous manuscript also showed pSE active
fractions devoid of 72-kDa pPLC~ , although no explan-
ations were offered to account for those results (Fujimoto
et al., 2004).
What then is the molecule(s) responsible for the [Ca2+]i
oscillatory activity of pSEs lacking 72-kDa pPLC~?
Because the PLC activity of the putative SF (Rice et al.,
2000) and of PLC~ (Kouchi et al., 2004) reportedly
exhibits a remarkable sensitivity to Ca2+, we first evaluated
if this kind of PLC activity correlated with the [Ca2+]i
oscillatory activity in all active pSE fractions. Our results
showed that this indeed was the case for all active pSE
fractions evaluated in the study. Interestingly, although all
active fractions exhibited PLC activity at low [Ca2+]e
(ranging from 0.1 AM to 5 AM), some fractions showed
higher PLC activity than others (e.g. pSEC vs. pSEpH),
while others exhibited enhanced sensitivity to Ca2+ (e.g.
pSEC F5). At present, we can only speculate the presence
(or absence) of PLC-activating (inhibiting) molecules in
these fractions or that acquisition of the active conforma-
tion is facilitated in some of these fractions. Nevertheless,
despite the lack of uniform presence of immunoreactive 72-
kDa pPLC~ in all pSE active fractions, our results support
the notion that a sperm-specific PLC is active at near basal
[Ca2+]e and is responsible for the [Ca
2+]i oscillatory activity
of pSEs.
M. Kurokawa et al. / Developmental Biology 285 (2005) 376–392390We therefore envision two molecular mechanisms that
could account for the PLC activity in the fractions devoid
of 72-kDa pPLC~ . First, there might be an unidentified
PLC in pSEs, possibly of the PLC~ subtype given the high
Ca2+ sensitivity of the pSEs’ PLC activity. Although we
have no molecular evidence for this suggestion, this
alternative cannot be discounted because a splicing variant
of PLC~ has already been found in the mouse (¨65 kDa;
Kouchi et al., 2004; Fig. 6A present manuscript), albeit of
lesser activity (Kouchi et al., 2004). What is more, others
and we have clearly demonstrated that none of the known
of PLC isoforms can account for the PLC activity in our
fractions (here and in Wu et al., 2001; Parrington et al.,
2002). The second alternative contemplates the possibility
that proteolytic fragment(s) of 72-kDa pPLC~ , probably
generated during the preparation of the extracts, may be
responsible for the [Ca2+]i oscillatory and PLC activity in
fractions lacking 72-kDa pPLC~ . In support of this
possibility, we present evidence that immunoreactive
polypeptides recognized by our anti-PLC~ antibodies in
pSEs and in porcine sperm may indeed represent fragments
corresponding to the N- and C-terminal ends of 72-kDa
pPLC~ . More importantly, following FPLC fractionation,
the presence of the fragments appears mostly limited to
pSE fractions with [Ca2+]i oscillation-inducing activity and
PLC activity. While we presently do not know whether
these fragments are responsible for the PLC activity in
some of our active fractions, in vitro proteolytic studies
using the h (Schnabel and Camps, 1998), g (Fernald et al.,
1994), and y PLC isoforms (Ellis et al., 1993) have
revealed that cleavage of these enzymes at the linker
region between the catalytic domains does not alter, and
possibly enhances, their PLC activity. Moreover, and
consistent with the preservation of the activity, it was also
shown that the cleaved catalytic domains remained
associated with each other (Ellis et al., 1993), which
may account, at least in part, for our observation that after
size column fractionation by S12 the [Ca2+]i oscillation-
inducing activity was limited to fewer fractions and
coincided with the presence of 72-kDa pPLC~ (Fig. 8).
It is possible that these S12 active fractions also contained
the PLC~-derived fragments, given that the molecular
weight of the active complex and that of the full-length
pPLC~ would be very similar, thereby resulting in the
elution of both the intact and fragmented active enzymes
in the same fractions. Therefore, it will be of great interest
to determine whether such functional proteolytic process-
ing can indeed take place for PLC~ and, if so, whether it
plays a role in the activation and/or release of the molecule
during natural fertilization.Acknowledgments
We would like to thank Dr. Dominic Poccia for sea
urchin egg extracts and Drs. Yasuo Fukami, Rolf Karl-strom, and Jeremy Smyth for valuable discussions and
suggestions. This work was supported in part grants by the
USDA (99-2371; 02-2078) and NIH (RO3-HD042498) to
R.A.F., the Lalor Foundation fellowship to M.K., and
grants from the Japanese Ministry of Education, Science,
Sports, Culture, and Technology to K.S. (15030230,
16570174, 16026224).References
Allen, V., Swigart, P., Cheung, R., Cockcroft, S., Katan, M., 1997.
Regulation of inositol lipid-specific phospholipase Cy by changes in
Ca2+ ion concentrations. Biochem. J. 327, 545–552.
Berridge, M.J., Lipp, P., Bootman, M.D., 2000. The versatility and
universality of calcium signalling. Nat. Rev., Mol. Cell Biol. 1,
11–21.
Carrera, A., Moos, J., Ning, X.P., Gerton, G.L., Tesarik, J., Kopf, G.S.,
Moss, S.B., 1996. Regulation of protein tyrosine phosphorylation in
human sperm by a calcium/calmodulin-dependent mechanism: identi-
fication of A kinase anchor proteins as major substrates for tyrosine
phosphorylation. Dev. Biol. 180, 284–296.
Carroll, D.J., Ramarao, C.S., Mehlmann, L.M., Roche, S., Terasaki, M.,
Jaffe, L.A., 1997. Calcium release at fertilization in starfish eggs is
mediated by phospholipase Cg. J. Cell Biol. 138, 1303–1311.
Carroll, D.J., Albay, D.T., Terasaki, M., Jaffe, L.A., Foltz, K.R., 1999.
Identification of PLCg-dependent and -independent events during
fertilization of sea urchin eggs. Dev. Biol. 206, 232–247.
Chatot, C.L., Ziomek, C.A., Bavister, B.D., Lewis, J.L., Torres, I., 1989. An
improved culture medium supports development of random-bred 1-cell
mouse embryos in vitro. J. Reprod. Fertil. 86, 679–688.
Dupont, G., McGuinness, O.M., Johnson, M.H., Berridge, M.J., Borgese,
F., 1996. Phospholipase C in mouse oocytes: characterization of h and g
isoforms and their possible involvement in sperm-induced Ca2+ spiking.
Biochem. J. 316, 583–591.
Ellis, M.V., Carne, A., Katan, M., 1993. Structural requirements of
phosphatidylinositol-specific phospholipase C y1 for enzyme activity.
Eur. J. Biochem. 213, 339–347.
Fernald, A.W., Jones, G.A., Carpenter, G., 1994. Limited proteolysis of
phospholipase C-g1 indicates stable association of X and Y domains
with enhanced catalytic activity. Biochem. J. 302, 503–509.
Fissore, R.A., Longo, F.J., Anderson, E., Parys, J.B., Ducibella, T., 1999.
Differential distribution of inositol trisphosphate receptor isoforms in
mouse oocytes. Biol. Reprod. 60, 49–57.
Fujiki, Y., Hubbard, A.L., Fowler, S., Lazarow, P.B., 1982. Isolation of
intracellular membranes by means of sodium carbonate treatment:
application to endoplasmic reticulum. J. Cell Biol. 93, 97–102.
Fujimoto, S., Yoshida, N., Fukui, T., Amanai, M., Isobe, T., Itagaki, C.,
Izumi, T., Perry, A.C., 2004. Mammalian phospholipase C~ induces
oocyte activation from the sperm perinuclear matrix. Dev. Biol. 274,
370–383.
Fukami, K., Nakao, K., Inoue, T., Kataoka, Y., Kurokawa, M.,
Fissore, R.A., Nakamura, K., Katsuki, M., Mikoshiba, K.,
Yoshida, N., Takenawa, T., 2001. Requirement of phospholipase
Cy4 for the zona pellucida-induced acrosome reaction. Science
292, 920–923.
Fukami, K., Yoshida, M., Inoue, T., Kurokawa, M., Fissore, R.A., Yoshida,
N., Mikoshiba, K., Takenawa, T., 2003. Phospholipase Cy4 is required
for Ca2+ mobilization essential for acrosome reaction in sperm. J. Cell
Biol. 161, 79–88.
Homa, S.T., Swann, K., 1994. A cytosolic sperm factor triggers calcium
oscillations and membrane hyperpolarizations in human oocytes. Hum.
Reprod. 9, 2356–2361.
Howell, K.E., Palade, G.E., 1982. Hepatic Golgi fractions resolved into
membrane and content subfractions. J. Cell Biol. 92, 832–882.
M. Kurokawa et al. / Developmental Biology 285 (2005) 376–392 391Hwang, J.I., Oh, Y.S., Shin, K.J., Kim, H., Ryu, S.H., Suh, P.G., 2005.
Molecular cloning and characterization of a novel phospholipase C,
PLC-D. Biochem. J. 389, 181–186.
Jones, K.T., Matsuda, M., Parrington, J., Katan, M., Swann, K., 2000.
Different Ca2+-releasing abilities of sperm extracts compared with tissue
extracts and phospholipase C isoforms in sea urchin egg homogenate
and mouse eggs. Biochem. J. 346, 743–749.
Kimura, Y., Yanagimachi, R., 1995. Intracytoplasmic sperm injection in the
mouse. Biol. Reprod. 52, 709–720.
Kimura, Y., Yanagimachi, R., Kuretake, S., Bortkiewicz, H., Perry, A.C.,
Yanagimachi, H., 1998. Analysis of mouse oocyte activation suggests
the involvement of sperm perinuclear material. Biol. Reprod. 58,
1407–1415.
Knott, J.G., Kurokawa, M., Fissore, R.A., 2003. Release of the Ca2+
oscillation-inducing sperm factor during mouse fertilization. Dev. Biol.
260, 536–547.
Kono, T., Carroll, J., Swann, K., Whittingham, D.G., 1995. Nuclei from
fertilized mouse embryos have calcium-releasing activity. Development
121, 1123–1128.
Kouchi, Z., Fukami, K., Shikano, T., Oda, S., Nakamura, Y., Takenawa, T.,
Miyazaki, S., 2004. Recombinant phospholipase C~ has high Ca2+
sensitivity and induces Ca2+ oscillations in mouse eggs. J. Biol. Chem.
279, 10408–10412.
Kuretake, S., Kimura, Y., Hoshi, K., Yanagimachi, R., 1996. Fertilization
and development of mouse oocytes injected with isolated sperm heads.
Biol. Reprod. 55, 789–795.
Kurokawa, M., Fissore, R.A., 2003. ICSI-generated mouse zygotes exhibit
altered calcium oscillations, inositol 1,4,5-trisphosphate receptor-1
down-regulation, and embryo development. Mol. Hum. Reprod. 9,
523–533.
Kurokawa, M., Sato, K., Fissore, R.A., 2004a. Mammalian fertilization:
from sperm factor to phospholipase C~ . Biol. Cell. 96, 37–45.
Kurokawa, M., Sato, K., Smyth, J., Wu, H., Fukami, K., Takenawa, T.,
Fissore, R.A., 2004b. Evidence that activation of Src family kinase is
not required for fertilization-associated [Ca2+]i oscillations in mouse
eggs. Reproduction 127, 441–454.
Larman, M.G., Saunders, C.M., Carroll, J., Lai, F.A., Swann, K., 2004. Cell
cycle-dependent Ca2+ oscillations in mouse embryos are regulated by
nuclear targeting of PLC~ . J. Cell Sci. 117, 2513–2521.
Lee, W.K., Kim, J.K., Seo, M.S., Cha, J.H., Lee, K.J., Rha, H.K., Min,
D.S., Jo, Y.H., Lee, K.H., 1999. Molecular cloning and expression
analysis of a mouse phospholipase C-y1. Biochem. Biophys. Res.
Commun. 261, 393–399.
Liu, N., Fukami, K., Yu, H., Takenawa, T., 1996. A new phospholipase Cy4
is induced at S-phase of the cell cycle and appears in the nucleus.
J. Biol. Chem. 271, 355–360.
Mehlmann, L.M., Mikoshiba, K., Kline, D., 1996. Redistribution and
increase in cortical inositol 1,4,5-trisphosphate receptors after meiotic
maturation of the mouse oocyte. Dev. Biol. 180, 489–498.
Mehlmann, L.M., Carpenter, G., Rhee, S.G., Jaffe, L.A., 1998. SH2
domain-mediated activation of phospholipase Cg is not required to
initiate Ca2+ release at fertilization of mouse eggs. Dev. Biol. 203,
221–232.
Miyazaki, S., Yuzaki, M., Nakada, K., Shirakawa, H., Nakanishi, S.,
Nakade, S., Mikoshiba, K., 1992. Block of Ca2+ wave and Ca2+
oscillation by antibody to the inositol 1,4,5-trisphosphate receptor in
fertilized hamster eggs. Science 257, 251–255.
Miyazaki, S., Shirakawa, H., Nakada, K., Honda, Y., 1993. Essential role of
the inositol 1,4,5-trisphosphate receptor/Ca2+ release channel in Ca2+
waves and Ca2+ oscillations at fertilization of mammalian eggs. Dev.
Biol. 158, 62–78.
Nakano, Y., Shirakawa, H., Mitsuhashi, N., Kuwabara, Y., Miyazaki,
S., 1997. Spatiotemporal dynamics of intracellular calcium in the
mouse egg injected with a spermatozoan. Mol. Hum. Reprod. 3,
1087–1093.
O’Toole, C.M., Arnoult, C., Darszon, A., Steinhardt, R.A., Florman, H.M.,
2000. Ca2+ entry through store-operated channels in mouse sperm isinitiated by egg ZP3 and drives the acrosome reaction. Mol. Biol. Cell
11, 1571–1584.
Parrington, J., Swann, K., Shevchenko, V.I., Sesay, A.K., Lai, F.A., 1996.
Calcium oscillations in mammalian eggs triggered by a soluble sperm
protein. Nature 379, 364–368.
Parrington, J., Brind, S., De Smedt, H., Gangeswaran, R., Lai, F.A.,
Wojcikiewicz, R., Carroll, J., 1998. Expression of inositol 1,4,5-
trisphosphate receptors in mouse oocytes and early embryos: the type
I isoform is upregulated in oocytes and downregulated after fertilization.
Dev. Biol. 203, 451–461.
Parrington, J., Jones, M.L., Tunwell, R., Devader, C., Katan, M., Swann,
K., 2002. Phospholipase C isoforms in mammalian spermatozoa:
potential components of the sperm factor that causes Ca2+ release in
eggs. Reproduction 123, 31–39.
Parrish, J.J., Susko-Parrish, J., Winer, M.A., First, N.L., 1988. Capacitation
of bovine sperm by heparin. Biol. Reprod. 38, 1171–1180.
Perry, A.C., Wakayama, T., Yanagimachi, R., 1999. A novel trans-
complementation assay suggests full mammalian oocyte activation is
coordinately initiated by multiple, submembrane sperm components.
Biol. Reprod. 60, 747–755.
Perry, A.C., Wakayama, T., Cooke, I.M., Yanagimachi, R., 2000.
Mammalian oocyte activation by the synergistic action of discrete
sperm head components: induction of calcium transients and involve-
ment of proteolysis. Dev. Biol. 217, 386–393.
Rhee, S.G., 2001. Regulation of phosphoinositide-specific phospholipase
C. Annu. Rev. Biochem. 70, 281–312.
Rice, A., Parrington, J., Jones, K.T., Swann, K., 2000. Mammalian sperm
contain a Ca2+-sensitive phospholipase C activity that can generate
InsP3 from PIP2 associated with intracellular organelles. Dev. Biol. 228,
125–135.
Rongish, B.J., Wu, W., Kinsey, W.H., 1999. Fertilization-induced activation
of phospholipase C in the sea urchin egg. Dev. Biol. 215, 147–154.
Runft, L.L., Jaffe, L.A., 2000. Sperm extract injection into ascidian eggs
signals Ca2+ release by the same pathway as fertilization. Development
127, 3227–3236.
Runft, L.L., Jaffe, L.A., Mehlmann, L.M., 2002. Egg activation at
fertilization: where it all begins. Dev. Biol. 245, 237–254.
Sato, K.I., Tokmakov, A.A., He, C.L., Kurokawa, M., Iwasaki, T.,
Shirouzu, M., Fissore, R.A., Yokoyama, S., Fukami, Y., 2003.
Reconstitution of Src-dependent phospholipase Cg phosphorylation
and transient calcium release by using membrane rafts and cell-free
extracts from Xenopus eggs. J. Biol. Chem. 278, 38413–38420.
Saunders, C.M., Larman, M.G., Parrington, J., Cox, L.J., Royse, J.,
Blayney, L.M., Swann, K., Lai, F.A., 2002. PLC~: a sperm-specific
trigger of Ca2+ oscillations in eggs and embryo development. Develop-
ment 129, 3533–3544.
Schnabel, P., Camps, M., 1998. Activation of a phospholipase Ch2 deletion
mutant by limited proteolysis. Biochem. J. 330, 461–468.
Schultz, R.M., Kopf, G.S., 1995. Molecular basis of mammalian egg
activation. Curr. Top. Dev. Biol. 30, 21–62.
Shearer, J., De Nadai, C., Emily-Fenouil, F., Gache, C., Whitaker, M.,
Ciapa, B., 1999. Role of phospholipase Cg at fertilization and during
mitosis in sea urchin eggs and embryos. Development 126, 2273–2284.
Stephens, S., Beyer, B., Balthazar-Stablein, U., Duncan, R., Kostacos, M.,
Lukoma, M., Green, G.R., Poccia, D., 2002. Two kinase activities are
sufficient for sea urchin sperm chromatin decondensation in vitro. Mol.
Reprod. Dev. 62, 496–503.
Stice, S.L., Robl, J.M., 1990. Activation of mammalian oocytes by a factor
obtained from rabbit sperm. Mol. Reprod. Dev. 25, 272–280.
Stricker, S.A., 1999. Comparative biology of calcium signaling during
fertilization and egg activation in animals. Dev. Biol. 211, 157–176.
Swann, K., 1990. A cytosolic sperm factor stimulates repetitive calcium
increases and mimics fertilization in hamster eggs. Development 110,
1295–1302.
Tardif, S., Dube, C., Chevalier, S., Bailey, J.L., 2001. Capacitation is
associated with tyrosine phosphorylation and tyrosine kinase-like
activity of pig sperm proteins. Biol. Reprod. 65, 784–792.
M. Kurokawa et al. / Developmental Biology 285 (2005) 376–392392Wang, S., Gebre-Medhin, S., Betsholtz, C., Stalberg, P., Zhou, Y.,
Larsson, C., Weber, G., Feinstein, R., Oberg, K., Gobl, A.,
Skogseid, B., 1998. Targeted disruption of the mouse phospholipase
Ch3 gene results in early embryonic lethality. FEBS Lett. 441,
261–265.
Williams, C.J., Mehlmann, L.M., Jaffe, L.A., Kopf, G.S., Schultz, R.M.,
1998. Evidence that Gq family G proteins do not function in mouse egg
activation at fertilization. Dev. Biol. 198, 116–127.
Wu, H., He, C.L., Fissore, R.A., 1997. Injection of a porcine sperm factor
triggers calcium oscillations in mouse oocytes and bovine eggs. Mol.
Reprod. Dev. 46, 176–189.Wu, H., He, C.L., Jehn, B., Black, S.J., Fissore, R.A., 1998. Partial
characterization of the calcium-releasing activity of porcine sperm
cytosolic extracts. Dev. Biol. 203, 369–381.
Wu, H., Smyth, J., Luzzi, V., Fukami, K., Takenawa, T., Black, S.L.,
Allbritton, N.L., Fissore, R.A., 2001. Sperm factor induces intracellular
free calcium oscillations by stimulating the phosphoinositide pathway.
Biol. Reprod. 64, 1338–1349.
Yoda, A., Oda, S., Shikano, T., Kouchi, Z., Awaji, T., Shirakawa, H.,
Kinoshita, K., Miyazaki, S., 2004. Ca2+ oscillation-inducing phospho-
lipase C~ expressed in mouse eggs is accumulated to the pronucleus
during egg activation. Dev. Biol. 268, 245–257.
